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Manipulating Metal Spin States for Biomimetic, Catalytic and 
Molecular Materials Chemistry  
Malcolm A. Halcrow*,a 
This article surveys the relationship between ligand type, coordination geometry and metal spin state in complexes of iron 
and other metal ions. Compounds and materials containing high-, intermediate- and low-spin metal ions differ in their 
molecular structures, their physical properties and their chemical reactivity. Implications and applications of these variations 
are summarised, including the use of base metals in light-harvesting dyes and in different forms of catalysis. Recent studies 
of the electronic influence of ligand substituents, or ligand conformational constraints, on metal ion spin states are 
described, which have revealed unexpected complexities.
Introduction 
A number of first row transition metal ions can adopt more than 
one spin state in their compounds, depending on their electron 
counts and d-orbital splittings.1 Best known are the high-spin 
and low-spin forms of octahedral complexes with d4-d7 electron 
counts, which respectively contain the maximum and minimum 
number of unpaired electrons that is possible within the Aufbau 
principle (Scheme 1). The dichotomy arises when the d-orbital 
splitting in such compounds is small enough, that their ground 
state configuration predicted by the Aufbau principle is 
ambiguous. If the split d-orbitals continue to behave as one 
orbital manifold within the ligand field, Hund’s rule disfavours 
pairing of the d electrons and a high-spin configuration results. 
On the other hand, if each split d-orbital is considered as a 
separate energy level, the Pauli exclusion principle favours 
electron pairing resulting in a low-spin state.  
In practise, this balance is governed by two unfavourable 
energy terms: the electrostatic repulsion between two 
electrons in the same d-orbital (the pairing energy, P); and the 
energy gap between the individual d-orbitals, which is a 
function of the ligand field splitting parameter . When  < P it 
is less unfavourable to promote an electron to a different d-
orbital than to pair it with another electron, resulting in a high-
spin molecule, while a low-spin compound is formed when  > 
P. The magnitude of P reflects an atom’s electron configuration 
and effective nuclear charge, which is modulated by metal− 
ligand covalency (expressed by the spectroscopic nephelauxetic 
parameter ).2,3 Values of  show much greater variation 
according to the number, type, strength and disposition of the 
metal−ligand bonds.3 Hence, the spin state adopted by a metal 
ion depends predominantly on . When  and P are sufficiently 
similar a compound can undergo a thermal spin-crossover 
 
Scheme 1 High-spin and low-spin configurations of octahedral metal ions (*the S = 1 
configuration for d4 ions is an intermediate spin state for that electron count).6  
equilibrium between high-spin and low-spin forms.4 Several 
compounds cited as examples in this article have that property, 
and lie on the cusp between two spin states.5 
Generalisations about complex spin states are often made 
at undergraduate level. One, that compounds of second and 
third row transition ions are always low-spin because of their 
stronger, more covalent ligand fields, is still essentially true. The 
only caveat is that low→high spin equilibria occasionally occur 
between metal−metal bond orbitals in heavy metal cluster 
compounds.7 Other common generalisations that tetrahedral 
complexes are high-spin and square planar complexes low-spin, 
are less secure. Tetrahedral metal centres in high oxidation 
states8-10 and/or with strong-field ligands10,11 are sometimes 
low-spin. Conversely high-spin configurations occur in square-
planar chromium(II) complexes12 and some manganese(II) 
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tetrapyrroles.13 They can also be found for later transition ions 
in an anionic or strongly -donating ligand field;14-16 a high-spin, 
square planar nickel(II) oxide was even reported last year.16 
Spin-crossover equilibria are also sometimes found in strong-
field tetrahedral17,18 or weak-field square-planar systems.19 
In addition to high-spin (S = 5/2 or 2, Scheme 1) or low-spin 
(S = 1/2 or 0), intermediate-spin (S = 3/2 or 1) forms of d4, d5 and 
d6 metal ions are also accessible. These cannot exist in a d5 and 
d6 octahedral geometry without a substantial distortion from Oh 
symmetry.20 However they sometimes occur in six-coordinate 
iron/porphyrin complexes, where deformation of the porphyrin 
macrocycle induces the necessary symmetry reduction.21,22 An 
important example may be the oxy-haem centre in haemo-
globin and myoglobin, which recent data have formulated as an 
intermediate-spin iron(II)/O2 centre.23 Intermediate-spin states 
are better-known in octahedral d4 complexes, where an S = 0 
low-spin form is similarly impossible in a degenerate t2g subshell 
(Scheme 1);6 and in some tetrahedral,10 square-planar,24,25 and 
five-coordinate22,25,26 iron complexes.  
The influence of metal ion spin state on its physical properties 
The spin state of a metal centre can strongly influence its 
physical properties and reactivity. The most obvious physical 
influence is on the magnetic moment of a compound, which is 
always larger in the high-spin form. This is most pronounced for 
d6 metal ions like iron(II), which are diamagnetic in their low-
spin state but strongly paramagnetic when high-spin (Scheme 
1). Iron(II) compounds have been proposed as NMR or magnetic 
resonance imaging (MRI) probes, which are “switched on” by an 
externally triggered low→high-spin state change.27 The CISSS 
molecular switches discussed below are an example, which are 
proof-of-principle photoswitchable MRI contrast agents.28 
Another is the spin-crossover compound 1, whose 19F NMR shift 
is a sensitive probe of pH in solution. That reflects 
deprotonation of its hydroxyl groups (pKa 6.0) in basic media, 
which shifts the spin-state equilibrium towards the high-spin 
form of the compound thus increasing its magnetic moment.29 
Alternatively, the different spin states of a metal ion can also 
be different colours. The changes are dominated by charge-
transfer and low-spin d-d absorptions in the visible or near-UV,3 
which make low-spin compounds absorb up to 10x more 
strongly in this region.30 In practise, this difference is more 
pronounced for some metal/ligand combinations than for 
others. However, it can afford a sufficient colorimetric response 
for chemosensor applications. Thus, hydrogen bonding of 
halides to the peripheral N−H groups of 2 results in a high→low 
spin-state change, which is clear to the naked eye as well as in 
its NMR spectrum.31 Similarly, 3 gives a selective colorimetric 
response upon binding of barbiturate.32 Vapochromic 
metal/organic materials33 undergoing spin-state changes on 
absorption or desorption of water,34 organic vapours35-37 or 
other gaseous analytes37,38 are also well known.  
Other colorimetric applications depend on avoiding 
ambiguous or switchable spin states. Thus, low-spin iron 
complexes are only useful dyes for photocatalysis or solar cell 
applications, if their ligand field is so strong as to make their 
high-spin excited configurations energetically inaccessible.39,40 
That prevents relaxation of their charge-separated 
photoexcitation by intersystem crossing to high-spin energy 
states, leading to the extended nanosecond charge-separation 
lifetimes required for light-harvesting applications. An example 
is 4,40 whose strongly -donating carbene donors are aligned 
almost perfectly on the cartesian axes, increasing the eg d-
orbital energies and maximising oct (Scheme 1).41 
Spin state changes lead to significant structural changes in 
the solid state, which can perturb the macroscopic properties of 
a material. This includes its volume and mechanical 
properties,42 since high-spin metal centres are generally larger 
than their low-spin counterparts reflecting their extra, 
metal−ligand antibonding eg d-electrons (Scheme 1). Switchable 
dielectric properties,43 fluorescence44 and/or conductivity45 are 
also well-known in spin-crossover materials exhibiting those 
phenomena. There is great interest in exploiting these 
phenomena in switchable nano- and macro-scale devices.46 
Many chemical processes at transition metal compounds 
involve a spin state change. Most simply a change in 
coordination geometry, with or without the gain or loss of a 
ligand, changes the ligand field and rearranges the d-orbitals. A 
textbook example is the square-planar (diamagnetic)/ 
octahedral (paramagnetic) equilibrium shown by a number of 
nickel(II) complexes in donor solvents.47 More sophisticated 
molecules using the same principle have been termed 
Coordination-Induced Spin State Switches (CISSSs), which 
change spin state via triggered ligand (de)coordination 
reactions. Examples are metalloporphyrins related to those in 
Scheme 2, which have been developed as light-activated MRI 
contrast agents28 or as switchable surface monolayers in an STM 
probe.48 CISSS switching has also been generated by controlled, 
reversible coordination of exogenous ligands to a square planar 
metal centre;49 and by protonation-induced cleavage of a 






Scheme 2 A CISSS molecular switch for photochemically activated MRI applications. 
Coordination of the apical pyridyl donor is driven by light-induced cis/trans isomerisation 
of the azo linker. The porphyrin is decorated with C6F5 groups (not shown).28 
The effect of metal ion spin state on its chemical reactivity 
Their longer metal−ligand bonds and more flexible coordination 
geometries make high-spin metal ions inherently more labile 
than their low-spin congeners. For example, the water-
exchange reaction of high-spin d6 [Fe(OH2)6]2+ is 107 times faster 
than for low-spin d6 [Co(OH2)6]3+.51 High-spin metal centres are 
also prone to radical reactions and one-electron chemistry, 
whereas low-spin compounds favour two-electron processes. 
An example here is 5, which exhibits a thermal spin-crossover 
equilibrium. Its high-spin (S = 2) form undergoes one-electron 
reduction upon UV photolysis, generating N3• radical as a 
byproduct. Conversely, the low-spin (S = 0) molecule undergoes 
two-electron oxidation under the same conditions, generating 
an iron(V) nitride with elimination of N2 (Scheme 3).52 
 
Scheme 3 Photochemical reactivity of two spin states of an iron/azide complex.51 
These considerations are important in catalytic oxidation 
reactions, which proceed by a radical rebound mechanism. This 
is initiated by H atom abstraction from the substrate molecule, 
often by a high-valent metal-oxo intermediate.53 In iron 
chemistry, iron(IV) Fe=O species (ferryls) adopt intermediate-
spin (S = 1) or high-spin (S = 2) configurations depending on the 
ligands employed.54 High-spin ferryls occur in non-haem iron 
enzymes, and are more active towards H atom transfer (HAT) 
processes when chemically similar examples are compared.55,56 
The most reactive intermediate-spin ferryls can approach the 
HAT rates found in some high-spin cases, however.57 
Computational studies imply that some intermediate spin 
ferryls form high-spin intermediates during the radical rebound 
process, thus increasing their reaction rate via a “two state 
reactivity” pathway.53 Such considerations are less obviously 
applicable to manganese(IV) Mn=O oxidation intermediates 
which, as d3 species, always adopt the same S = 3/2 spin state. 
Spin states also impact the development of first-row “base” 
metals as replacements for expensive platinum metal 
catalysts.58 For example hydrogenation and other catalytic 
double bond reductions proceed in two-electron oxidative 
addition/reductive elimination steps.59 These processes are 
favoured for low-spin catalysts60 or, rarely, for high-spin species 
that can access a spin-paired reaction pathway through two-
state reactivity.61 Alternatively, some base metal catalysts 
circumvent the requirement for two-electron metal redox with 
a non-innocent supporting ligand, which acts as an H atom 
acceptor during the catalytic cycle.62 In contrast, 
transmetallation steps during cross-coupling reactions proceed 
in one-electron steps at base metal centres.63 This is favoured 
by high-spin iron catalysts, or by nickel(II) catalysts that are 
activated to radical chemistry by a square-planar (S = 
0)→tetrahedral (S = 1) rearrangement which is another form of 
two-state reactivity.64 Although they have been less studied, 
catalyst spin states can also impact the performance of iron-
catalysed polymerisation reactions.65 
Controlling spin states by ligand design 
The spin state of a metal ion is ultimately governed by the 
number, geometry and character of its metal−ligand bonds. Like 
most aspects of chemistry, this can be controlled by both steric 
and electronic factors.5 Steric influences reflect that metal− 
ligand bond lengths to high-spin metal ions are longer than to 
the same compound in a low-spin state. Thus, bulky ligand 
substituents that inhibit contraction of the metal−ligand bonds 
will favour a high-spin compound, and vice versa.5,66,67 
Polydentate ligands with six-membered (or larger) chelate rings 
also favour high-spin complexes, other things being equal. The 
longer metal−ligand bonds in the high-spin state reduce 
conformational strain in larger chelate ligand backbones.5 
Conformational constraints that promote or inhibit overlap 
of the ligand lone pairs and metal orbitals also perturb the 
ligand field. For example, changes in ligand bite angle in five-
membered chelate ligands have subtle, but measurable effects. 
Specifically, the high-spin state is favoured by larger ligand bite 
angles in [Fe(NN)3]2+,68 but by smaller bite angles in [Fe(NNN)2]2+ 
(where NN and NNN are bidentate and linear tridentate N-
donor ligands with five-membered chelate rings).69 Increasing 
the bite angle of bidentate ligands, whose centroid lies between 
cartesian orbital axes, is accomplished through larger internal 
angles () or a lengthened backbone (x) within the chelate ring 
(Scheme 4). Conversely, increasing the  angles or shortening y 
both decrease the bite angle of a tridentate ligand, where the 
alignment of the central metal−ligand bond is fixed along an 
orbital axis. Both changes tend to misalign the ligand lone pair 
orbitals with the metal−ligand vectors, thus weakening those 
bonds and favouring a high-spin complex. These differences 
manifest when comparing N-donor ligands containing different 
heterocyclic or acyclic N-donor atoms, or with heteroatoms 
within their chelate backbone (which shorten x or y).68,69 
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Scheme 4 The effect of widening the bite angle of bidentate ligands (top), or narrowing 
the bite angle of meridional tridentate ligands (bottom), on metal−ligand orbital overlap. 
Because of their weaker ligand field, high-spin metal ions are 
also more prone than low-spin ions to geometric distortions of 
their coordination sphere.70 Hence intramolecular or (in the 
solid state) intermolecular steric clashes, which induce a 
distortion away from an idealised coordination geometry, will 
also favour a high-spin compound.5,71,72 A subtle example is 
found in two diastereomers of iron/pyridine-bis-oxazoline 
(PyBox) complexes [Fe(LPh)2]2+. Both isomers exhibit spin-
crossover equilibria in solution, occurring at 34 K lower 
temperature in homochiral [Fe((R)-LPh)2]2+ than in heterochiral 
[Fe((R)-LPh)((S)-LPh)]2+.72 The high-spin state allows the LPh 
ligands to twist away from perpendicular, relieving a steric clash 
between phenyl substituents in [Fe((R)-LPh)2]2+ which isn’t 
present in the heterochiral isomer. That gives a small additional 
stabilisation to the high-spin form of the homochiral complex.73 
 
In the first instance, the design of ligands to form high-spin 
or low-spin compounds can be based on the spectrochemical 
series and the above steric criteria.5 Fine tuning metal spin state 
energies with electron-donating or -withdrawing ligand 
substituents involves more subtle considerations, however. This 
is exemplified by 6, where X and Y substituents respectively 
exhibit positive and negative linear free-energy relationships 
with its solution-phase spin-crossover equilibrium temperature 
T½. That is, electron-withdrawing substituents stabilise the low-
spin form of 6, but electron-withdrawing Y substituents favour 
its high-spin form (Figure 1).74,75 
 
Figure 1 The different electronic influences of X (black circle) and Y (red square) ligand 
substituents on the spin state of 6.74 A higher T½ value corresponds to stabilization of the 
low-spin state and vice versa. 
The difference arises because the and  components of 
the Fe−N bonds have opposing influences on the ligand field in 
6. The X substituents, being para to the pyridyl N-donor atom, 
can directly conjugate with those Fe−N bonds. Electron- 
withdrawing X substituents enhance metal→ligand -back- 
bonding to the pyridyl rings, thus strengthening the ligand field 
and favouring the low-spin state. Electron-deficient X 
substituents also inductively weaken the metal→ligand -bond, 
but that effect is smaller because the substituent is remote from 
the N donor atom. Hence, the -bonding influence dominates 
in this case. In contrast Y substituents, being meta to the 
pyrazolyl N-donors, cannot conjugate to those Fe−N bonds and 
have no effect on their -component. However, being closer to 
the N-donor atoms, Y substituents have a stronger inductive 
effect on the basicity of the pyrazolyl donors and the strength 
of the metal−ligand -bond. Hence, electron-withdrawing Y 
groups weaken those Fe−N -bonds, reducing the ligand field 
splitting and resulting in high-spin complexes.75,76 
The trend for electron-withdrawing para substituents to 
favour low-spin states (and vice versa) has also been seen in 
other iron(II) spin-crossover systems of pyridyl ligands.77 A 
comparable effect is also found when introducing additional 





donors (eg pyrazinyl) stabilise the low-spin state compared to 
their pyridyl ligand analogues.5,78 The trend for electron- 
withdrawing meta substituents to promote high-spin states has 
been less studied, but is apparent in NMR data from a family of 
iron(II) podand complexes.79 Interestingly, two families of 
iron(III) 5-substituted salicyl Schiff base complexes apparently 
show different behaviours, which either replicate5,80 or 
oppose81 the above trend observed for pyridyl ligand donors. 
That inconsistency has not been explained at the time of 
writing. Investigations of cobalt(II) pyridyl complexes have also 
been less conclusive,82 perhaps because their spin-equilibria 
span a wider temperature range in solution.83 
A very different example is provided by two sets of 
tetrahedral iron(II) spin-crossover complexes bearing 
phosphoramidate ligands, including 7. Despite their para 
disposition, more electron-withdrawing R groups lower T½ in 7, 
corresponding to a negative linear free energy relationship 
between those parameters.18 This can be rationalised because 
the sp3-hybridised P atom prevents the phenyl substituents 
from conjugating with the P=N donor group. Thus, R groups 
have only a -inductive effect on the ligand field in this case. 
Finally, attractive interactions between ligands sometimes 
influence metal spin states. An example is 8, whose low-spin 
state is unexpected given the steric influence of its distal mesityl 
ligand substituents. Its phenyl-substituted analogue is indeed 
high-spin, as expected.84 A computational study attributed this 
to attractive dispersion interactions involving the mesityl 
methyl groups, which sandwich the pyridyl ring of the other 
ligand in the complex. That is sufficient to stabilise the shorter 
Fe−N bonds in the low-spin molecule, which bring those 
substituents closer together.85 A low-spin stabilisation in a 
stereochemically similar complex with distal 2,6-dichlorophenyl 
substituents may have a similar explanation.86  
Conclusion 
Many applications of base metal compounds depend on control 
of their spin state. On one hand, catalytic reactions54,59,61,63 and 
light-harvesting dyes41 both require compounds in the correct 
spin state for the mechanistic pathway or optical properties 
required by those applications. Alternatively, use of spin-state 
switching in chemosensor or materials applications requires a 
fine control of spin-crossover properties.46 Spin-crossover 
compounds are a sensitive probe of the relationship between 
ligand design and metal spin state,5 and recent work from our 
group and elsewhere has shed new light on these questions. 
Notwithstanding a recent unexplained counter-example,81 
the concept that ligand substituents influence metal spin state 
depending on whether they can conjugate with the 
metal−ligand bonds seems to be widely applicable.18,75-80 The 
effects are small energetically; the T½ values in Figure 1 span a 
thermal energy range of ca 1.5 kJmol−1. Therefore, it’s unlikely 
an iron complex will be converted into a useful light-harvesting 
dye simply by decorating it with nitro groups.41 However, a 
judicious choice of remote ligand substituents can tune the 
balance of spin state energies to optimise the charge-separation 
lifetime of a dye candidate;41,66 shift the operating temperature 
of a switchable material;87 or, moderate the reactivity or 
mechanism of a base metal catalyst.53,61,65  
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